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ABSTRACT 


The absolute rate constant for the reaction of atomic ctUorine 
with formaldehyde has been measured from 200 to 500 K using the flnah 
photolysis - resonance fluorusence technique. The results were 
independent of substantial variations in [HgCO], total pressure 
(Ar) and flash Intensity (l.e., initial [ct]). The rate constant 
was shown to be invariant with tenperature, the best representation 
for this ten^jerature range being =■ ( 7.48 * 0.50) X lO"^^ cm-^ 
molecule ^ a ^ where the error is one standard deviation. This 
result is compared with the only previous d<jtermination of which 
was a relative value obtained at 298K. The rate constant is 
theoretically discussed and the potential in^wrtonce of the reaction 
in stratospheric chemistry is considered. 



INTRODUCTION 


Accurate and direct measurementa of the I'eactLon of C( atoms 

with hydmt^ono\j8 apeoloa are of «reat current interest due to tlie 

p».'aslblo modification of the earth's stratospJierlc ozone layer 

1 P 

by chlorofluoi\’>methanr release . Kate constants for the reactions 
of C< atoms with the stratt'wphoric species CHi . It,, and lt,0„, Iwive 

*4 c. 4. 4_ 

recently been reported from this laboratory' . Tlwut^h formalde^tvde , 
>t,C0, lias not yet been Identified as a stratospheric siwcies, a 
preliminary determination of the rate ci>nstnnt for the i*eactlon 

Ct ♦ ll,CO - M Ct Hl\>, (1) 

4 

together with a one dimensiiaial sti'atosplieric iiKxlelinf: calculation, 
Ims indicated tl»at reaction (1) slu>uld be considered In the chemical 
nk^delinK of the stratosphere*'. The arKviment for the inclvision of 
reaction (1) follows fivm the higlily pivbable usavriti>tlon that metliyl 
radicals produced by tl'.e rxmctlons 


C( + - H Cl * CH^ 

(?) 

OH + CH,^ - 1^0 » CH^ 

( 3 ) 

0(^P) ♦ CH,^ -- OH + CH^ 

(M 

will subsequently yield H,CU thn>ut’h '\ldatlon. 

The fornaMefiyde will 


likely be formed in a ne to one correspondence with the motliano 
destroyed in reoillons (2) - (I 4 ). Detailed ocnsldemtion of the rate 
of reaction (l) from the worl^ of Niki, ot ajJ and the pi’cllminary 



work from tills laboratory^ ahowa tlmt the rate constant la ^ lt>00 

timoa larger tlian tliat for reaction (2) at Uo km whore T - 250K. 

Thua, mixing ratios for H^CO in the range of a few tenths of a port 

per billion can compete effectively with CH|^ for C4 atoms. Consideration 

of the I’ate of metliane destruction (and H^CO formation) in a model 

calculation allows tlia'^ such levels are obtainable, h'urthexm're, 

inclusion of reaction (1) Indicates a decreased sensitivity for long 

term otone perturbation by odd chlorine l*rom the currently accepted 

£ 

value of dc>wn to Id.b'jt. 

The only previous determination of the rate constant for reaction 
(1) is by Niki, et al' who determined the rate constant relative to 
at T ■ 2 o 8K. They report a value of « (7.8 _+ 0.6) x 

10 ^ (2o) cm^ molecule ^ s This study reports the details of our 
preliminary study and extends tne determination from 200 to 500K. 

Thus, the stratospheric temperature regime is well ovei'lapped. 
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t:x^'^:Kl^O!a«TAl- 


Q 

The flaah photolj'Ble-reaonaiu'e fluureacetu'o ttpp««rnt»ui (Fl'^Rh’) 

and Its application to )i>'drvv.an abstraction reactions by atomic 

t.s 

chlorine luive been described previously so only those details 

specific to the preset\t study will be Klven hero. Ct atoms were 

^'.enerated by the flash photolysis of at initial concentration 

levels rangloK fb^'o (l-!>) x 10^^ to (1-5) x 10^^ at<.sns cm'^. In all 

of the present work, the photolysis wavclon^rtha were determinei by the 

absorption coefficient of abow \ 105 «un (MF cut-off). Because 

of the relatively larpe source molecule concent i*at ion, v'omparod 

to reactant, [H,C0], the possibility of significant oonvetltlx'e formaldeh>le 
»■ 

photolysis vms negligibly small. 

As in px*evious studios ctilorine atom resonance radiation was 
obtained lYv^m a microwa\'e electxv'deless dlsclwrge in 0.*> torr of O.H- 

4 

in He. The resonantly scattered fluorescent photons vei*e detected at 
right angles to both the plv>toly-lng and I'esonanco light sources tlirou^'h 
a !ViF 2 filter (\ a 1.15 «xm) , and they wox'o x^coxMed in x*oiiotitive flushes 
by a mviltictxannel analyser operating in the mvij tiscaling nKxle. 

lYeliminary experiments with the toxamx*j' mixtures consisting of 
formaldetxyde. carbon totraclxloride, and Ar, shi'wed th.nt snvill levels of 
fox'maldehyde Imd to be xx‘»utinely measiu'od due to the vex*y fast i*eactlon 
with elilorine ati'>m3. We thex*efore elected to first px*epax*e a falx*ly 
conco!>trated primary mixture of H,,C\) in Ar, and then subsequently 
prepare the secondax^’ reixetion mixtures by vlilutlon tectuiiques. Buch 
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A pr^vedv:re IncroMaeu the ayatemntlo errv'>r since two additional acciu*ate 
pressure moaimrements are necessary to determine the i'urmaldeh>'de 
concentration, liowever, the decrease in accuracy is not serious, 
the total xuicertainty in concentration being 

It is well kixown tttat H^CO tends to polymerize in the gaseous 
state, and initial values of the rate constant at T • 298K tended to 
bo imifonnly lower tlmn tJtfit reported here by Flow rate 

x'ariation through the reaction cell slKiwed ttiat t'omaldehyde was lost 
in the reaction cell below a critical I'low rate i tiowever, above ttiat 
fli.>w rote the decay constants scaled linearly with the calculated 
concentration. The derived rate constants, oven tliough they were 
higlily consistent, were still lower tluin the value reported here. 
Subsoiivient preliminary experiments starting with sovei*al different 
primary mixtui'cs gave higher x-alues for the rate constant leveling 
off asymptotically to tlxe reported value. Clearly, the initially 
obtained low rate constant values wore due to initial loss of the 
fommldotiy de iit stxxrago, and with subsequent exi^osure, tlie storage 
vessel w;ills eventually became pre- treated, with subsequent stabili::ation 
of the homogeneous mixtui'es to the concentration level determined 
from tlte pressui'e moasurements. Only wlun tliis condition was itsached 
(as sliown by invTiriance of the rate constant in repeat determinations) 
were the Kinetic exi^eriments carried out. Substantial variations in 
flash energy (i.e.; initial [ctj), tH,CO], and pressvu^ showed no 

A. 

additional complicatior.s due to secondary reactions or other initial 
prlnviry photolysis products. 
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Tlie observed pseudo- first- order C{, atom decay plots were 
strictly linear. The decay constants from such plots are composite 
consisting of contributions from reaction (1) and diffusion of Ct 
atoms from the viewing zone. Therefore, experiments were carried 
out with no formeldetiyde present luider exactly similar conditions 
in order to measure the diffusional contribution. These contributions 
were less than 10f> for roost of the experiments reported here. 

However, for some experiments at ^OOK, the contributions were as high 
as 3^ of the total decay constant. 

Argon (NSatheson, 99.9995%) and helium (Airco, 99*^^99%) were 

used^without further purification. Chlorine (Matheson, 99.5%) was 

further purified by bulb"to“bulb distillation at 195K, the middle 

third being retained. (Matheson, Coleman, and Bell, 99%) was 

subjected to bulb-to-bulb distillation at 233K, and the middle t^llrd 

a 

was retained. Forroaldeb.yde was prepared from parafonna.ldeJvyde by 
heating at 303K. The liq*iid trapped monomer was then bulb-to-bulb 
distilled at 193K with retention of the middle third. The sample 
was thoroughly outga. sed at 113K in order to remove CO^ and was 
stored at liquid N2 temperatma. Mass spectral analysis showed the 
sample to be 99*7% pure, the only measurable inpurity being Hr^O. 
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Ktyi'I.TS 


All of ilia rep^trted experinenis were carried out under pseudo- 
flrat-order condltlona with [H^CO] >> [i'4]. Then tl>a decay of [ct] 
is represented by 

In - - \,bserved ^5) 

with the pseudo- first-order decay constant given by 

k . 4 - K, CK,,C0L ♦ k,. (b) 

observed T. ^ J •'0 d 

k^ is tlie blmolecular rate constant for reaction (1), and k^ is the 
first-order rate constant for Cl atom diffusion from the viewing sone. 
k^bjjorved obtained by linear least squares methods from plots of 
tite logaritlim of accumulated coui\ts against time. Accumulated counts 
are pivpc>rtional to [Ct]. Tj'pical i*esults at JOOK are sttown in 
Kig. 1. Similar exiierimetita are performed with [H>C0] ■ 0 in order 
to obtain k^ at each cona5'^ion of th kinetic cxperimants. Then a 
knowledge of k^ and [H^COIq with oq, (6) allows the determination of 
kj^. The results at 200, 298, and >X)K are shown in Table I over 
substantial clianges in flash energy, [lijCX)], and px'oasure. Tlie 
errors are one standard deviation values as determined from repeat 
determinations at the indicated ex^^erimental condition. Ttie results 
show tliat luis no tcn^orature dependence for 200 s T * t>00K, The 
beat representation for this ton^erature **ange is k^^ ■ (?.*+8 + 0.50) x 
10”^^ cm^ molecule ^ a ^ where the error is the mean of the standard 
lieviations from the determinations at each temperature in Table I. 
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DISCUSSION 


Th* pr«««>nt valu* for kj • (7.48 ♦ O.SO) n 10 cm^ •olecul*”^ •” 
for 200 & T a SOOK can be compared ‘o the recent value of Nlkl, et al.^ 
Tbeae workers determined the rate constant relative to C( * ^2^6 * 
iiCt -f C 2 H^ by observing relative reactant destruction on photochlor lna> 
tlon. The conoentrat Ion detection technique was Fourier transform 
Infrared spectroscopy and a zoom temperature value for k^ of 
(7.8 -f 0.6) X 10 cm^ violocule ^ s ^ was obtained. Comparison 
with the present room temperature value shows exact agreement within 
combined experimental uncertainties. 

A related reaction with which reaction (1) can be compart'd Is the 

reaction of C( with This reaction has been directly studied 

by Manning and Kurvlo (FP-RF)^^ and Lewis et al.^^ (discharge flow- 

resonance fluorescence) who report respective rate constants of 

(7.29 ± 1.23) X lO"^^ exp(-6l * 44/T) and 8.1 x 10*^* exp(-l26 + 33/T) 

cm^ luolecule ^ s The reaction has been theoretically discussed by 
1 2 

Johnston *■ who shows th.it little. If any, effect of a potential 
energy barrier should be expected since the react \nt xero point energy 
exceeds the barrier height. This Is born out by the twi'* cited direct 
studies where only a minimal energy barrier Is Indicated. 

With regard to the present reaction, the relationship noted by Johnston 
Is even more In favor of no measurable energy barrier since the zero 
point energy of reactants Is very much higher than the potential energy 
barrier. This can be easily seen within the framework of the BEBO 
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12 

method einoe the potential enerto of activation ia described in term 
of single bond energies for R-K and HCt. Qualitatively, if the bond 
strength of R*H decreases, then the derived potential energy of 
activation will also decrease. C>nparison of values for ttie 
series CHj^, C 2 H^, and H^CO allows a decreasing trend I'roei 103 • and 

11 l4 

kcal/sk>le, respectively. * 

It therefore appears tliat tlie rate constant for reaction (1) is 

totally determined by tic factors, (1) the interaction rate constant and 

(2) the relative orientation of Cl and H^CO. The interaction rate 

constant can be fairly ac 'u -ately estimated from transport pi\>perty 

data.^^’^^ Judelkis and Wun liave repi’>rted a i-alue for tlie diffusion 

c--»ef tlcient of Ct aUims in Ar of (0.2o j 0.05) cm*" s at 1 atm and 
17 

295K. Their value is consistent with I/ennurd« Jones parameters of 

o,. . • 2.6 <)a and . /k ■ 119K. With combining rules, o.r, ■ 

oc,Ar tt,Ar in 

1/2 

( 0 i ♦ o.^)/2 and 1-ennurd-Jones parameters for Ar, 

the corresponding values for i'-4 atoms are ■ 2.iUA and €^,^/k • 119K. 
Volvies for ll^CO are not available but are not expected to be much 
different tlian those i'or tlie isoelectrunic nulecule (i.e.: o * 
4 . 07 X and £/k ■ 2j0K)^^. Then tlie l-ennai\l- Jones rate constant can be 

15 

calculate^! as 

2 - cL n*(2,2) (errkT/u)y^ (7) 

LJ 

All quantities liave their usual meanings, and 0 (2,2) is a tabulated 
integral. The calculated iTilues from 200 s T < 500K range from 2 .I 4 
to 2.7 X 10 cm‘^ mL>lecule ^ s’^. Because of uncertainties in 
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potvntlal paraactcra, < hard aphcr# values have also been calculated, 
and these range froa 1.6 to 2.6 x 10*^^ ca^ aolecule'^ a'^ over the 
aaae range of teaperature. Coaparlaon of the present value of 
(l.e., (7.48 * 0.50) X 10 ca^ aolecule ^ a S with theae estlaatea 
of thermallxed colllalon rate conatanta auggeata a value for the ateric 
factor in the range of 0.3 - 0.5. We note that the most navle estimate 
of the ateric factor would be 0.5. The point to this discussion is to 
indicate the aiaplicity of reaction (1) and to illustrate that the use 
of even the almplest theoretical foraallaa is sufficient to predict 
the rate constant within a factor of 1.7. 

As indicated in the Introduction, reaction (1) is also important 
in the stratosphere.^'^ H 2 OO is thought to be produced in a one to one 
correspondence from the product methyl radicals in reactions (2) - (4). 
Ho%wver, this assumption is clearly an overslmplicat ion since initially 
the methyl radicals are destroyed by 

18-22 

CHj + O2 M CHj 02 + M 

and/or 

CHj + O2 H2CO + 

23 

Baldwin and Colden doubt the existence of reaction (9), and this 
ambiguity suggests the need for further study. If reaction (8) 
dominates then methyl peroxy radicals can be removed in the 
stratosphere by 

CHj 02 NO CHjO 

CHj02 + HO 2 CHJO 2 H + 0^^^ 

CHj02 NO2 (-*-M) CH3O2NO2 (-W) . 


( 8 ) 

(9) 


( 10 ) 

( 11 ) 

( 12 ) 
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Hvthoxy radical (CH^O) oxidation poaalbly by 02« H02. NO, or NO 2 can 

yiald formaldtfhyda, but Mthanol (CH^OH) may alao reault. By diract 

uiulogy with th« reaction between HO 2 and NO 2 giving peroxy nitric 
28- 30 

acid, we have also Included reaction (12). This reaction is 

favorable since CH ^02 has a large number of degrees of freedom and the 
temperature Is low. Thus, In the context of RRKM theory, the vibra- 
tlonally hot adduct should have a long llfe-'lme, and reaction (12) may 
be near its high pressure limit even stratospheric densities. The 
above scheme suggests the probability of several compounds which contain 
the methoxy group. We note that Ct atom reactions with such compounds 
Mtuld have similar rate constants as Ct -f H 2 CO. Lastly, the radicals 
produced from such reactions will likely yield H 2 CO so that the noted 
decreased s tlvlty to odd chlorine^ may be as much as doubled. 
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Table I. RATE DATA FOR THE FIASH FHOTDLYSIS-RESONAMCE FLUOi 

STUDY OF THE REACTION Cl + HpCO 
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FIC.URE CAPriON 


Fig. 1 


: Typical first-order plots for the reaction, Ct + HgCO -• HC(. + 

HCO at 200K, The lines are determined from a linear least squares 
analysis of the data, and errors in decay constants are one 


standard deviation, A - ■ 25 torr, « 12,5 ratorr. 


Pj^CO * mtorr, flash energy - 56J, and J^otserved “ 
o - Pj ■ 50 torr, Pqc^^ “ 25 mtorr, P^^^o “ mtorr, 
flash energy - 56J, and k^bserved " ± 53 s"^; 

• - P^ ■ 75 torr, “ 37.5 mtorr, Pj|^qq * 0.3^ mtorr, 
flash energy ■ 56J, and k^hgerved “ 


-1 


• - » 100 torr, Pp^ = 50 mtorr, Pj 


HgCO 


flash energy » 36J, and ^^Q^served * ± 56 s , 


0.U6 mtorr, 
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